Vertebrate myosin heavy chains (MHC) are represented by multiple genes that are expressed in a spatially and temporally distinct pattern during development. In order to obtain molecular probes for developmental^ regulated human MHC isoforms, we used monoclonal antibodies to screen an expression cDNA library constructed from primary human myotube cultures. A 3.4 kb cDNA was isolated that encodes one of the first MHCs to be transcribed in human skeletal muscle development.
INTRODUCTION
Myosin heavy chain (MHC) is a major component of the contractile apparatus and is encoded by multigene families in vertebrates (for reviews see 1,2). In mammals, at least ten different MHC isoforms have been described from striated, smooth and non-muscle cells. These isoforms show expression that is spatially and temporally regulated during development (see 3, 4, 5) . The hexameric myosin molecule consists of two heavy chains (200 kdal each) and two pairs of light chains (16-20 kdal each). The heavy chain can be divided into two domains, the globular amino terminal head responsible for myosin light chain and actin binding and for ATP hydrolysis (6) and the a-hehcal carboxy terminal rod responsible for the ability of myosin to form filaments (7) .
Analogous MHC isoforms from different species are more homologous to one another than are different isoforms from the same species (3, 8, 9 , this report) and this homology extends into the 3' untranslated region. The evolutionary conservation of MHC isoform sequences implies that they are functionally significant, but to a large degree, their distinct roles in sarcomere assembly or contractile function remain to be elucidated.
Expression of MHC isoforms is sequential and controlled by numerous signals including neuronal and hormonal triggers (10, 11, 12) . The fact that some developmental transitions occur in cultured muscle cells suggests that much of the information necessary for sequential MHC expression is intrinsic to the cells (13, 14) . Human muscle cultures may be advantageous for examining the regulation of MHC expression due to the longer developmental cycle of primates compared to rodents and chickens. Because of its early appearance in skeletal muscle development, and its reappearance during muscle regeneration, the embryonic skeletal MHC isoform provides a particularly useful marker for charting the progression of myofiber formation and renewal (15, 16, 17) .
In order to obtain molecular genetic probes encoding human MHC isoforms expressed in early development we constructed and screened a Xgtl 1 expression cDNA library with monoclonal antibodies that recognize epitopes on the embryonic skeletal MHC molecule. Because pure populations of early differentiated cultured human myotubes were used as the source of mRNA the predominant MHC clone in this library (designated SMHCE) encodes the embryonic skeletal MHC. The entire myosin rod is encoded by this cDNA and as well as the epitope recognized by the well-characterized monoclonal antibody Fl .652 (13) . Gene-specific MHC DNA probes have been used to define the complement of MHC transcripts expressed in cultures of human myotubes. These studies demonstrate the power of combining immunological and molecular genetic data to characterize human developmental processes. Used in conjunction with monoclonal antibodies, DNA clones encoding the human embryonic skeletal MHC isoform will be particularly useful for studying the regulation of gene expression that accompanies human skeletal muscle development and the regeneration typical of various muscle diseases as exemplified by Duchenne muscular dystrophy (17) .
MATERIALS AND METHODS

Cell Culture
Human skeletal muscle cells were isolated from the vastus lateralis muscle of a 5-year-old male by the procedure described in Blau and Webster (18) . Pure populations of myoblasts were sorted in a fluorescence-activated cell sorter using a monoclonal antibody, 5.1H11, which recognizes a myoblast specific cell surface antigen (19, 20) . Cells were grown in mitogen-rich growth medium containing Ham F-10 nutrient mixture supplemented with 15% fetal bovine serum, 0.5% chicken embryo extract, 50 units/ml Penicillin G and 50 /tg/ml Streptomycin Sulfate on tissue culture dishes coated with type IV collagen (Collaborative Research). After reaching confluence, the cells were exposed to mitogenpoor starvation DME with 1/tM insulin for one day. Afterwards, the cultures were maintained in fusion medium (DME with 5% horse serum, 1 /iM insulin and 10 fiM cytosine-/3-D-arabinofuranoside to allow for the survival of only non-dividing cells). Medium was replaced every 24 hours.
RNA Isolation
Total cellular RNA was isolated from myotubes 4 days after fusion for construction of the cDNA library by a modification of the guanidine hydrochloride procedure (21) . All other RNA from cultured cells and tissue was isolated by the guanidinium-cesium chloride pelleting method (22) . cDNA Library Construction and Screening A cDNA library was constructed in the Xgtl 1 vector following standard procedures (23) using 10 /ig of day 4 myotube poly (A) + mRNA. Phosphatased Xgtl 1 arms and Gigapack Plus packaging extracts were purchased from Stratagene. Recombinant clones that contained striated muscle MHC sequences were isolated by plaque lifts and hybridization to radiolabeled DNA probes made from conserved sequences in the tail regions of two adult human skeletal MHC cDNA sequences, pSMHCA and pSMHCZ (8) . MHC cDNAs isolated by this method were screened for /3-galactosidase-MHC fusion protein production with a panel of monoclonal antibodies (24) , that recognize stage-specific MHC, using the screening procedure outlined by Huynh et al. (25) .
Preparation of DNA Templates for Sequencing
The embryonic MHC cDNA insert, SMHCE, was cloned into pBluescript SK( Stratagene). Overlapping deletions were generated using the Erase-a-Base system (Promega Corp.). Preparation of template DNA and dideoxy reactions for sequencing using Sequenase modified T7 polymerase (U.S. Biochemical) were performed according to Kraft et al. (26) . Sequences were analyzed and homology comparisons were made using the Staden package for sequence analysis. Genomic DNA Analysis Human genomic DNA was digested with Eco RI and 15 /ig per lane was electrophoresed in 1 % agarose-TAE (40 mM Tris-acetate, 2 mM EDTA) gel with recirculation of buffer. DNA was transferred to filters according to Southern (27) except that GeneScreen (New England Nuclear) was used in place of nitrocellulose. The DNA was fixed to the filter by exposure to UV light in a Stratalinker UV crosslinker (Stratagene). Random primed radiolabeled DNA probes were generated for hybridization using the oligolabeling kit (Pharmacia). The filters were prehybridized in 5 X SSC, 1 X Denhardt's solution, 50 mM NaH 2 PO 4 -H 2 O and 150 /tg/ml heat denatured salmon sperm DNA at 65 °C. The filters were hybridized in the same solution with the addition of dextran sulfate to a final concentration of 10% and heat denatured probe at a concentration of 2.Ox 10 5 cpm/ml. Following hybridization, the filters were washed at 65°C in 2x SSC, 0.2% SDS for 1 hour. The blots were exposed to Kodak X-Omat AR film with a DuPont Cronex intensifying screen at -70°C.
RNA Blot Hybridizations
For Northern blot analysis, 20 fig of RNA isolated from human muscle cell cultures were electrophoresed on 1% agarose gels containing 100 mM MOPS (3-[N-Morpholino] propanesulfonic acid) pH 7.4, 10 mM EDTA and 3% formaldehyde. Fractionated RNA was transferred to Gene Screen (NEN) overnight by capillary action in 10 X SSC. For RNA dot blots, 2 ng of total RNA from fetal skeletal muscle (22 weeks), adult quadriceps muscle, adult cardiac tissue (provided by M. Yeager, Scripps Institute) and liver were resuspended in 1 % formaldehyde and spotted onto Gene Screen that had been pre-wet in water, soaked in 2x SSC and air dried. Filters were baked for two hours in a vacuum oven prior to hybridization. A 32 P-UTP radiolabeled antisense RNA probe containing the sequences encoding the last 8 amino acids of the carboxy terminus and 3' untranslated sequences of SMHCE was synthesized following the Riboprobe protocol outlined by Promega Corporation. The filters were prehybridized for at least two hours in 50% formamide, 5x SSPE (lx = 180 mM NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA, pH 7.4), 2x Denhardts solution (1X =0.4% BSA, 0.4% Ficoll and 0.4% Polyvinylpyrrolodine), 0.2% SDS and heat denatured salmon sperm DNA (150 /ig/ml). Filters were hybridized overnight in the same solution with the addition of 10% dextran sulfate and 1 X10 6 cpm/ml of 32 P RNA at 55°C. Filters were washed in 1X SSPE for 1 hour at 65°C. A 1.0 kb insert from pRM-17 encoding 18S rDNA probe (28) and a 171 bp human cardiac a-actin 3' untranslated region probe (29) were generated by random prime labeling using the oligolabeling kit (Pharmacia). The filters were prehybridized and hybridized under the same conditions as the DNA blots.
\gtll Fusion Protein Synthesis Xgtl 1 fusion proteins were produced by the SMHCE cDNA clone in order to characterize the epitopes encoded by this MHC sequence according to the procedure outlined by Reinach and Fischman (30) . E. coli strain Y1090 was grown to mid-log phase and infected with Xgtll-SMHCE at a ratio of 10:1 (phage:bacteria). 10 mM IPTG (Isopropyl /3-Dthiogalactoside) was added and the cells were grown for 45 minutes at 42°C. The cells were spun down, resuspended in SDS sample buffer (31) and boiled for five minutes.
Preparation of Whole Cell Lysates from Tissue Culture Cells
Myoblasts and myotubes grown on 60 mm tissue culture dishes were rinsed with PBS and subjected to trypsinization. The cells were pelleted, rinsed with PBS and resuspended in 100 jtl SDS sample buffer (31) and boiled for five minutes.
Western Blot Analysis
Protein samples from bacterial and tissue culture cell lysates were analyzed by SDS-PAGE (SDS/polyacrylamide gel electrophoresis) in duplicate (31) . Half of the gel was stained with Coomassie Brilliant Blue. The other half of the gel was transferred to nitrocellulose by electroblotting (32) . The filters were incubated with hybridoma cell supernatant containing 1.2 /tg/ml of monoclonal antibody F 1.652 at 4°C overnight. The filters were incubated with a 1:1000 dilution of goat anti-Mouse IgG linked to horseradish peroxidase (Bio-Rad) as a second antibody for two hours. Antibody reactivity was detected by hydrogen peroxide and 4-chloro-l-napthol treatment.
RESULTS
Isolation and Sequence Analysis of a Human Embryonic MHC cDNA Clone.
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A cDNA clone from the predominant MHC class (named SMHCE with a 3.4 kb insert) was further characterized by reactivity with 12 monoclonal antibodies raised against developmentally regulated human MHC isoforms. The fusion protein encoded by the Xgtl 1 cDNA clone reacts with antibody F1.652 (13, 17, 24) , which is known to recognize embryonic skeletal muscle myosin. Figure 1 shows the immunoreactivity of F 1.652 with the 220 kilodalton fusion protein encoded by the Xgtl 1 SMHCE cDNA clone. The size of this protein product is consistent with the 116 kdal size of/3-galactosidase plus a cDNA peptide translated by a 3.4 kb mRNA.
In order to derive the sequence for SMHCE, the insert was subcloned into plasmid pSK~ and nested deletions were generated. SMHCE encodes all but 8 amino acids of the MHC rod as well as 123 nucleotides of 3' noncoding sequences and the poly (A) tail. The entire nucleotide and derived amino acid sequences for pSMHCE are shown in Figure  2 . Table 1 shows the results of the comparison of the nucleotide and protein sequences of SMHCE with the analogous rat embryonic MHC gene sequence and three human MHC cDNA sequences (8, 9) . SMHCE is most homologous to the gene encoding the rat embryonic MHC (33) . The human and rat embryonic isoforms are 89% homologous at the nucleotide level and 97% homologous at the amino acid level over the length of pSMHCE. This high degree of homology extends into the 3' untranslated sequences which are 80% homologous. The rat and human proteins are virtually identical structurally, since the vast majority (88%) of the differences in protein sequence are conservative amino acid changes. When the sequence of SMHCE is compared with the available 2.0 kb of sequence encoding A i n i t IT T T n l i t 
Identification of the Gene Encoding Human Embryonic MHC.
A human embryonic skeletal muscle MHC genomic clone was previously isolated which has a 17.1 kb insert contained on two EcoRI fragments (34) . XHMHC2 has been identified as the gene encoding SMHCE by hybridization with a gene-specific radiolabeled oligonucleotide probe from the 3' untranslated region of the cDNA (data not shown). This genomic clone contains sequences encoding the entire 3.4 kb of SMHCE over 11.4 kb
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• SMHCE I8S rDNA Figure 5 . RNA Dot Blot Analysis Showing SMHCE Expression. 5 /»g of total RNA isolated from human fetal skeletal (FS), adult skeletal (AS), adult cardiac (AC) and liver (L) was spotted onto a filter and hybridized to a gene-specific probe from the 3' untranslated region of SMHCE. The same filter was hybridized after erasing to 18S rDNA to control for variability in loading. Exposure was for 4 hours at -70°C with a DuPont Cronex intensifying screen to Kodak XAR-5 film.
of genomic sequence including the EcoRl site at the 5' end of the cDNA which is encoded by the gene and is not artifactual as a result of an EcoRI linker. Partial sequence analysis of the genomic clone primed with oligonucleotides synthesized to sequences complementary to sequences near the 5' end of the cDNA clone (nucleotides 200-223) and in the 3' untranslated region (nucleotides 3257-3274) confirm the identity of the gene. These sequences, as well as a partial restriction map of the genomic clone, are shown in Figure  3 . The positions of the two introns in the human embryonic MHC gene that have been analyzed are identical to introns within the rat embryonic MHC gene (33) . The coding sequences at the 5' end of XHMHC2 correspond to exons 22 and 23 (out of 41) ( Figure  3, Panel B) . The sequences of the human and rat intron at this position show 59% homology to each other. The human intron is two nucleotides shorter than the corresponding intron in the rat gene. While the position of this intron is also conserved in the chicken embryonic MHC gene (35) , its size is not conserved between mammalian (191 -193 nucleotides) and chicken (913 nucleotides) embryonic MHC genes. The sequence from the 3' end of the gene (Figure 3 , Panel C) contains the last coding exon (exon 41) and part of an intron that is 65% homologous to the corresponding intron in the analogous rat gene.
Expression of the Human Embryonic MHC Gene.
Embryonic skeletal MHC protein is expressed only during fetal development and its expression declines at birth (15, 36, 37) . In order to establish the pattern of expression of the gene at the mRNA level, RNA was isolated from four tissues and hybridized to a radiolabeled gene-specific RNA probe from the 3' end of the cDNA (nucleotides 3147-3376). The probe used was gene-specific since it recognized only a single band in an Eco RI digest of human genomic DNA while a coding region probe (nucleotides 1-610) recognized multiple bands (Figure 4 ). This probe reacted only with the RNA isolated from fetal skeletal muscle, and not from adult skeletal muscle, adult cardiac muscle or liver ( Figure 5 ). The temporal pattern of SMHCE mRNA and protein expression was investigated in tissue culture. A clonal population of pure myoblasts originally isolated from the vastus lateralis of a 5 year old male was grown to confluence and then fused by changing the culture medium of the cells to a mitogen poor medium. RNA was isolated from myoblasts at low (50%) and high (>80%) confluence and from myotubes during a time course that spanned from two to ten days after changing the cells into low serum, differentiation medium. At high confluence, a small percentage of the cells had started to fuse even though they were in proliferation promoting media. There were no multinucleated myotubes seen in the low confluence myoblasts. These RNAs were hybridized to the gene specific radiolabeled RNA probe from the 3' untranslated region of SMHCE ( Figure 6A , Panel 1) . No SMHCE mRNA is seen in low confluence myoblasts but is apparent at very low levels in high confluence cells. Expression of SMHCE mRNA is maximal at 2 days post fusion and declines to barely detectable levels by 10 days post fusion. The same filters were also hybridized to a-cardiac actin to show that these cells are still expressing muscle specific proteins after SMHCE expression has decreased ( Figure 6A, Panel 2) . Protein extracts were made from cells at the same time points and Western blot analysis was carried out using the monoclonal antibody, F 1.652, which recognizes a specific epitope in the rod encoded by SMHCE. The pattern of SMHCE protein expression follows RNA accumulation patterns, with an approximate 24 hour delay ( Figure 6B ). There is no embryonic MHC seen in myoblasts either at low or at high confluence. Protein expression peaks at 4 days after fusion and cannot be detected at 10 days post fusion. Thus, the expression of the gene encoding SMHCE is induced and then declines in cultured cells in a manner that mimics its temporal regulation in vivo.
DISCUSSION
We have isolated a human MHC cDNA and partial genomic clone that encode an embryonic stage-specific MHC isoform that is expressed exclusively in skeletal muscle. We have identified the cDNA through DNA sequence analysis, monoclonal antibody reactivity and RNA hybridization patterns. The carboxy terminal 14 -17 amino acids of sarcomeric MHCs are highly divergent among developmentally regulated isoforms within an organism and can be used to identify any given isoform (9, 38) . When these carboxy terminal amino acids of the rat and human embryonic MHC isoforms are compared, they are 100% homologous. The last eight amino acids and 3' untranslated sequences are contained on a separate exon in all mammalian MHC genes that have been isolated and sequenced (3, 32, 39, 40, 41) , including the human embryonic MHC gene presented in this report. This conservation of genomic organization may be explained by functional constraints on maintaining distinct MHC isoform sequences. The functional role of these sequences has not been elucidated, but their conservation during evolution implies their significance. Since these sequences are in the myosin rod, such function may reside in the ability of myosin isoforms to self-associate to form homogeneous thick filaments (42) . A role in sarcomere assembly may be particularly relevant to myosins expressed early in myogenesis such as the embryonic MHC described here. The cell culture system used in this study when used in conjunction with a molecular DNA probe encoding the embryonic skeletal MHC isoform should allow the analysis of the induction and repression of expression of the human embryonic skeletal MHC gene. Both embryonic and perinatal MHC genes are expressed in early development, peak before birth and decline at some point after birth. The earliest time of expression of these genes has not yet been determined, but in situ hybridization of embryonic tissue should make this determination possible. Developmental changes in expression of both genes are nerve independent and portions of this process have been shown to occur in myogenic cell lines (13, 14) as well as in human primary cultures (this report). However, the decline in expression of the embryonic gene with time has not always been observed in myogenic cell lines (14) Therefore, human primary cultures may more accurately reflect the in vivo regulation of MHC gene expression than do some myogenic cell lines and primary cultures from other organisms. Accordingly, it should now be possible to define those sequences of MHC genes that are responsible for their developmental regulation by introduction of regulatory regions of these genes into primary muscle cultures.
The embryonic MHC protein is diagnostic of muscle regeneration and is expressed aberrantly after birth in several human genetic muscle disorders such as Duchenne muscular dystrophy and infantile muscular atrophy (15, 17) . In addition, muscle tumors such as rhabdomyosarcoma express the embryonic skeletal MHC isoform. However, in the nongenetic atrophic muscle diseases, it appears that muscles recycle through their developmental pattern, starting with SMHCE. Thus, SMHCE expression is not irreversibly shows a Coomassie brilliant blue stained (Panel 1) and a imraunoblot (Panel 2) of a 7.5% SDS/PAGE gel (31) containing whole cell lysates of myoblasts and myotubes isolated at the same time points as the RNAs. The immunoblot (Panel 2) was reacted with mAb F1.652 in order to show the time course of expression of SMHCE protein.
inactivated. We hope to further investigate the regulation of SMHCE expression to gain insight into both the process of muscle development and these diseased states. Different slow and fast muscle fiber types cease expression of the embryonic MHC gene at different times development and different fiber types activate and express the gene at different times during muscle regeneration (17) . Therefore, the F1.652 antibody together with the DNA clone described here can serve as sensitive markers for identifying muscle fiber types during development and regeneration as well as documenting the regulatory mechanisms underlying very early changes in MHC gene expression.
